The Philadelphia-negative myeloproliferative neoplasms (MPNs) constitute a group of closely related hematological disorders that includes polycythemia vera (PV), essential thrombocytosis (ET), and primary myelofibrosis (PMF) and share among other features a propensity to transform to acute leukemia. Despite recent advances attained through the discovery of a point mutation in the JAK2 kinase (JAK2 V617F ) in a large fraction of MPN patients as well as various additional mutations in subgroups of MPN patients, the molecular etiology of these disorders remains incompletely understood.
Several lines of evidence support the hypothesis that aberrations preceding acquisition of the most common mutation, JAK2 V617F , contribute to the pathophysiology of these disorders. First, the malignant clone may extend beyond the cells that have acquired the JAK2 V617F Two independent founder strains, termed 9 and 39, were obtained that display a median transgene expression threefold and 30-fold above the endogenous murine NF-E2 (mNF-E2) expression, respectively (Fig. 1 B) . This precisely mirrors both the level of NF-E2 overexpression and the wide range in the degree of NF-E2 overexpression observed in patients with PV . NF-E2 transgene expression was also determined in defined, FACS-sorted precursor and stem cell populations. The human transgene was expressed in Ter119 + /CD71 + erythroid precursor cells (Fig. 1 C) as well as in long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), common myeloid progenitors (CMPs), megakaryocyte erythroid progenitors (MEPs), and granulocyte-monocyte precursors (GMPs) of both strains (Fig. 1 D) . hNF-E2 expression in these murine stem and progenitor cell compartments led to NF-E2 overexpression in LT-HSCs, ST-HSCs, and GMPs, similar to that observed in PV patients ( Fig. 1 E) . Contrary to what was observed in healthy human controls, endogenous mNF-E2 was not up-regulated physiologically in CMP and MEP cells (Fig. 1, D and E) . Therefore, hNF-E2 transgene expression in murine CMPs and MEPs raises the level of NF-E2 in those cells to the high levels observed in their human counterparts. Collectively, NF-E2 tg mice display a degree and pattern of NF-E2 overexpression reminiscent of that observed in PV patients.
Interestingly, endogenous mNF-E2 levels were likewise elevated in hNF-E2 tg animals, most likely because of a positive feedback mechanism (Fig. 1 B; mNF-E2 expression [mean ± SEM]: WT, 1,954 ± 146; NF-E2 strain 9, 2,237 ± 90; NF-E2 strain 39, 2,663 ± 127; see also Fig. 10 B) . In both strains, transgene integration occurred at a single genomic locus, as demonstrated by fluorescence in situ hybridization (FISH) analysis (Fig. 1 F) . Higher levels of hNF-E2 expression in strain 39 were mediated by integration of multiple copies of the transgene at a single locus. Functional activity of the hNF-E2 transgene was confirmed by quantitating expression of -globin, a well characterized NF-E2 target gene (Lu et al., 1994) . In NF-E2 tg mice, -globin expression was statistically significantly increased by a mean of 2.4-fold ( Fig. 1 G) , demonstrating that the NF-E2 transgene actively enhances expression of its physiological targets.
Peripheral blood phenotype of NF-E2 tg mice NF-E2 tg mice developed thrombocytosis with an onset of 9 mo (Fig. 2 A) . Correspondingly, the number of megakaryocytes in the BM was elevated in NF-E2 tg mice and increased further as the animals aged (Fig. 2 H) . The age at clinical manifestation precisely reflects the epidemiology observed in patients with MPNs, who present in the sixth and seventh decade of life (Bilgrami and Greenberg, 1995) .
Our murine model differs from MPN patients in that NF-E2 transgene expression is present from the outset in the hematopoietic system of tg mice, whereas the disease is acquired later in life in patients. We therefore investigated whether there is evidence of the acquisition of additional genetic aberrations in NF-E2 tg mice before the onset of mutation (Kralovics et al., 2006; Nussenzveig et al., 2007) . Second, in familial MPNs, the JAK2 V617F mutation does not constitute the predisposing allele, but rather is independently acquired by affected individuals (Cario et al., 2005; Jones et al., 2009 ). Third, after transformation of JAK2 V617F -positive MPNs, leukemic blasts often display chromosomal aberrations present in the chronic MPN phase but do not contain the mutant JAK2 allele (Campbell et al., 2006; Theocharides et al., 2007) . This observation strongly suggests that the leukemic transformation occurred in a clonally expanded cell that had not incurred the JAK2 V617F mutation, hence in a pre-JAK2 V617F clone.
Interest in characterizing the primary MPN alterations is enhanced by recent data from clinical trials of several newly developed JAK2 inhibitors (Santos et al., 2010; Verstovsek et al., 2010) . While ameliorating symptoms, counterintuitively in both JAK2 V617F -positive and -negative patients, these agents do not appear to alter disease burden or prevent leukemic transformation. Additional rationally designed therapies are clearly required for the treatment of MPN patients.
We have recently described overexpression of the transcription factor NF-E2 in patients with all three MPN subtypes, independent of the presence or absence of the JAK2 V617F mutation Wang et al., 2010a) . NF-E2 is expressed in hematopoietic stem cells (HSCs) as well as in the myeloid, erythroid, and megakaryocytic lineages and acts as an epigenetic transcriptional regulator and chromatin modifier (Andrews et al., 1993; Kiekhaefer et al., 2002; Onishi and Kiyama, 2003; Demers et al., 2007) . At the -globin locus, NF-E2 initiates chromatin remodeling and is required for the recruitment of both the MLL2 and the G9a histone methyltransferase complexes (Onishi and Kiyama, 2003; Demers et al., 2007; Chaturvedi et al., 2009 ). Likewise, NF-E2 recruits both histone acetyltransferases and histone deacetylases (HDACs), thereby modulating histone acetylation (Bulger et al., 2002; Brand et al., 2004) . We have demonstrated that NF-E2 overexpression in HSCs ex vivo delays their erythroid and megakaryocytic maturation, causing the accumulation of excess numbers of mature progeny from a single HSC (Mutschler et al., 2009) . To test the hypothesis that NF-E2 overexpression plays an integral role in the pathogenesis of MPNs in vivo, we have generated and characterized a novel murine model, a transgenic (tg) mouse overexpressing NF-E2 specifically in the hematopoietic lineages.
RESULTS

NF-E2 is overexpressed and functional in human NF-E2 (hNF-E2) tg mice
To explore the effect of NF-E2 overexpression observed in MPN patients in an in vivo model, we engineered tg mice expressing the hNF-E2 cDNA under control of the Vav promoter, which directs expression in all hematopoietic cells including the stem and progenitor compartments (Ogilvy et al., 1999) . Overexpression of the hNF-E2 protein in murine BM was confirmed by Western blot (Fig. 1 A) . mice at any time point, nor was there evidence of clonal selection ( Fig. S1 depicts five representative results from mice aged 18 mo and the one mouse aged 20 mo). Nonetheless, the long latency of disease development in our model implies the existence of cooperating events, perhaps point mutations.
The WBC count in NF-E2 tg mice was statistically significantly elevated (Fig. 2 B) and was accompanied by a rise in the absolute neutrophil count (ANC; Fig. 2 C) . Correspondingly, neutrophilia is often observed in MPN patients thrombocythemia or during disease progression. Using high resolution array comparative genomic hybridization (CGH [array-CGH]), we compared NF-E2 tg mice with WT littermates at the ages of 6 mo (n = 12), before the onset of thrombocytosis, at 12 mo (n = 12), when thrombocytosis had developed, and at 18 mo (n = 17), when platelet counts were maximally increased. One mouse was reanalyzed at 20 mo, when platelet counts exceeded 2,500 × 10 6 /µl (Fig. S1 ). Acquired genetic abnormalities were not visible in NF-E2 tg (A) Western Blot analysis of hNF-E2 expression in an hNF-E2 tg mouse (strain 39) and a WT littermate representative of n = 4 each. BM was harvested from animals of the indicated genotype, and total cell extracts were interrogated with an antibody that recognizes both human and mNF-E2. Equal loading was assured by reprobing with an antibody against -actin. (B) Quantitation of murine and hNF-E2 expression in tg animals (both strain 9 and 39, as indicated; n > 20 each) and WT littermates. RNA was extracted from peripheral blood cells and assayed for murine and hNF-E2 expression by quantitative RT-PCR. Results are reported as copies of hNF-E2 or mNF-E2 expressed per 10 5 copies of the -2-microglobulin housekeeping gene (n > 20 for each genotype). *, P < 0.05; ***, P < 0.001. (C) Transgene expression in erythroid cells. Ter119 + /CD71 + double-positive erythroid progenitor cells were FACS sorted from peripheral blood of hNF-E2 tg animals (n = 6, three each from strain 9 and 39, respectively). RNA was isolated and assayed for hNF-E2 expression by quantitative RT-PCR. Results are reported as copies of hNF-E2 expressed per 10 5 copies of the -2-microglobulin housekeeping gene. (D) Quantitation of murine and hNF-E2 expression in isolated stem and progenitor cells of tg animals. Defined stem and progenitor cell populations (LT-HSC, ST-HSC, CMP, MEP, and GMP) were FACS sorted from BM of hNF-E2 tg mice strain 9, strain 39, and WT littermate controls (n = 2 each) as described previously (Pronk et al., 2007) , and human and mNF-E2 mRNA expression was measured by quantitative RT-PCR as detailed in B. Each animal was measured in duplicate, and averages are depicted. (E) NF-E2 expression in isolated stem and progenitor cells of PV patients and healthy controls. Defined stem and progenitor cell populations (LT-HSC, ST-HSC, CMP, MEP, and GMP) were FACS sorted from PV patients and healthy controls (n = 3 and 4, respectively) as described previously (Majeti et al., 2007; Will and Steidl, 2010) , and NF-E2 mRNA expression was measured by quantitative RT-PCR as detailed in B. Mean and standard error of the mean are depicted. *, P < 0.05; **, P < 0.01. (F) FISH analysis of NF-E2 transgene integration. Peripheral blood smears of NF-E2 tg or WT mice (n > 20 for each strain) were probed by interphase FISH using the vav-hNF-E2 tg construct as a probe. For each sample, 100 cells were scored. Representative photographs showing single integration sites in both founder strains are depicted. Bars, 5 µm. (G) -Globin mRNA expression. RNA was extracted from BM and assayed for murine -globin mRNA expression and -2-microglobulin housekeeping gene expression by quantitative RT-PCR. No difference was observed between mice of strains 9 and 39 (n ≥ 8 each). Results are reported as relative expression levels using the Ct method and were analyzed for statistical significance using the Student's t test. ***, P < 0.0001. (B, C, and G) Horizontal lines indicate the mean. Steiner et al., 2009) . Therefore, we propose that erythrocyte morphology is altered in NF-E2 tg mice, leading to increased destruction. Accordingly, in NF-E2 tg mice, the red cell distribution width (RDW), which provides a quantitative measure of red cell heterogeneity, was significantly elevated (Fig. 2 E) . Patients with MPNs, especially PV, likewise often present with elevated RDW (anisocytosis; Li, 2002) . The combination of thrombocytosis, WBC elevation, and normal hematocrit seen in the NF-E2 tg mouse model is frequently observed in both early PMF and in ET patients.
Stem and progenitor cell phenotype of NF-E2 tg mice A pathognomonic feature of MPN patients is the growth of Epo-independent erythroid colonies, so called endogenous erythroid colonies (Prchal and Axelrad, 1974) . We therefore examined the colony-forming potential of BM from NF-E2 tg animals and WT littermates. Contrary to human BM, WT murine BM already displays low levels of Epo-independent erythroid growth (Fig. 4 A) . Overexpression of NF-E2 significantly increased Epoindependent growth of mature erythroid precursors (CFUerythroid [CFU-E]; Fig. 4 A) . Therefore, NF-E2 tg mice display a specific and diagnostic hallmark of MPN patients, Epo-independent erythroid colony formation. CFU-E growth in the presence of Epo is similar between the two genotypes (Fig. 4 A) , whereas growth of more immature erythroid progenitors, so called burst-forming units-erythroid (BFU-E), is (Wehmeier et al., 1991) . Interestingly, in a cohort of 80 MPN patients, the ANC correlated highly significantly (P = 0.0004) with the level of NF-E2 expression (Fig. 2 I) . Somewhat surprisingly, in NF-E2 tg mice, the hematocrit remained within the normal range (Fig. 2 D) . However, we observed a large increase in iron-containing histiocytes in the spleen (Fig. 3, A-D) , indicating increased destruction of erythrocytes. In addition, both the reticulocyte count and serum bilirubin levels are elevated in NF-E2 tg mice, providing supportive evidence for increased red cell destruction (Fig. 2, F Peripheral blood was obtained by retroorbital puncture and analyzed on an Advia 120 system. For each time point, between 11 and 55 animals were analyzed. All data include mice of both tg strains, 9 and 39; no differences were observed between the two tg strains. Statistical analysis was conducted using a one-way ANOVA and a Bonferroni post-hoc multiple comparison test: *, P < 0.05; **, P < 0.01; ***, P < 0. (H) Number of megakaryocytes per visual field in BM sections of hNF-E2 tg mice and WT littermates. BM sections of hNF-E2 tg mice and WT littermates were stained with H&E, and megakaryocytes were identified morphologically. The number of megakaryocytes in 10 visual fields per mouse (100× magnification) was counted and is depicted stratified by age (n = 13, 31, 34, and 53 mice, respectively). Data include mice of both strains, 9 and 39; no differences were observed between the two tg strains. *, P < 0.05; ***, P < 0.001. (G and H) Horizontal lines indicate the mean. (I) ANC in MPN patients in relationship to NF-E2 mRNA expression (fold NF-E2 overexpression is defined as the fold increase over the mean of 50 healthy controls). ANC values of 80 MPN patients were obtained during routine follow-up. NF-E2 mRNA expression was determined in peripheral blood granulocytes of the same blood draw. The association was assessed using Spearman's correlation coefficient: P = 0.0004.
physiologically independent of Epo and is likewise significantly elevated in NF-E2 tg mice (Fig. 4 B) .
In addition to increased and Epo-independent erythroid colony-forming potential, NF-E2 tg mice contain significantly elevated numbers of granulocyte-macrophage precursors All data include mice of both tg strains, 9 and 39; no differences were observed between the two tg strains. Before scoring, methylcellulose dishes were stained with benzidine to allow identification of CFU-E and BFU-E. CFU-E were scored on day 4, and BFU-E, CFU-GM, and CFU-GEMM were scored on day 8. CFU-Meg were scored on day 12. Mean and standard deviation of at least 10 independent mice of each genotype are shown.
(F and G) Replating capacity of BM from hNF-E2 tg and WT littermates in the FVB/N background (both 9 and 39; n = 4 and 7, respectively; F) and the C57BL/6 backcrossed background (n = 6 each; G). BM cells were seeded in methylcellulose, and the number of colonies was scored after 8 d. Subsequently, the cells were harvested and subjected to a second round of colony growth. After 8 d, colonies were again scored and replated for a third time. In total, eight rounds of replating were performed in FVB/N mice (F) and four rounds in C57BL/6 mice (G). Error bars indicate standard error of the mean. *, P < 0.05; **, P < 0.01.
NF-E2 tg C57BL/6 mice retained the ability to form the initially high number of colonies into the fourth replating (Fig. 4 G) . Therefore, NF-E2 tg mice display increased self-renewal capacity in two different genetic backgrounds.
We hypothesized that the pathophysiological changes observed in NF-E2 tg mice are the consequence of elevated NF-E2 activity in hematopoietic stem and progenitor cells. If this is true, the disease must be transferable to secondary mice by BM transplantation. BM from NF-E2 tg mice as well as from WT littermates (n = 5 each, which carry the CD45.1 allele) was therefore transplanted into lethally irradiated secondary FVB/N CD45.2 + recipients (Guibal et al., 2009 ). Engraftment exceeded 95% donor cells in all mice. 8 wk after transplantation, complete blood counts (CBCs) were measured, and hematopoietic colony-forming potential was enumerated. As detailed in Fig. 5 , secondary recipient mice engrafted with NF-E2 tg BM showed statistically significantly increased platelet numbers compared with mice engrafted with WT BM (Fig. 5 A) , recapitulating the thrombocytosis observed in primary NF-E2 tg mice. Moreover, colony formation was significantly increased in NF-E2 tg recipients (Fig. 5 B) . Specifically, as in the primary NF-E2 tg mice, Epo-independent CFU-E growth, a hallmark of MPN patients, was highly significantly increased (Fig. 5 C) . In addition, the numbers of BFU-E, CFU-GM, and the most immature CFU-GEMM colonies were likewise significantly expanded in secondary recipients of NF-E2 tg BM (Fig. 5, D-F) . These data demonstrate that the hematopoietic phenotype conferred by NF-E2 overexpression is transplantable to secondary mice. As MPN BM is characteristically hypercellular, we enumerated the number of BM cells in our tg mice. NF-E2 overexpression caused a highly significant increase in BM cellularity (Fig. 6 A) .
In addition to their potential for colony formation, hematopoietic stem and progenitor cells can be identified and classified by their expression of characteristic combinations of cell surface markers (Passegué et al., 2005) .
(CFU-GM; Fig. 4 C) and multipotent granulocyte-erythroidmacrophage and megakaryocyte precursors (CFU-GEMM; Fig. 4 D) , as well as drastically elevated numbers of megakaryocyte precursors (CFU-Meg; Fig. 4 E) . The observed increase in hematopoietic progenitors of all three myeloid lineages in NF-E2 tg mice corresponds well with the trilineage hyperplasia characteristic of MPN BM histology (Swerdlow et al., 2008) .
Next, we examined whether NF-E2 tg BM cells display altered self-renewal capacity in serial replating assays. Although in our FVB/N strain WT control mice lost the capacity to form colonies after the sixth replating, NF-E2 tg mice retained the ability to form colonies beyond the seventh replating (Fig. 4 F) . In addition, in every replating, NF-E2 tg mice formed statistically significantly more colonies than WT control mice. Enhanced colony formation and replating capacity was observed both with mice older than 12 mo, which were thrombocythemic, as well as with young mice, which did not yet show the platelet phenotype. Because there are very few published data on serial replating assays in FVB/N mice and WT mice in strains such as C57BL/6 do not show appreciable colony growth beyond the third replating, we backcrossed our NF-E2 tg FVB/N mice into a C57BL/6 background and used BM from C57BL/6 NF-E2 tg mice and WT littermate controls in serial replating assays as well (Fig. 4 G) . As published (Huntly et al., 2004) , WT C57BL/6 mice did not form large numbers of colonies after the third replating. In contrast, (B-F) BM cells of secondary recipients were seeded in methylcellulose to determine colony-forming potential. Before scoring, methylcellulose dishes were stained with benzidine to allow identification of CFU-E and BFU-E. CFU-E were scored on day 4, and BFU-E, CFU-GM, and CFU-GEMM were scored on day 8. Mean and standard deviation of six independently transplanted mice of each genotype are shown. (B) Total number of colonies.
All data include donor mice of both strains, 9 and 39; no differences were observed between the two tg strains. *, P < 0.05; **, P < 0.01; ***, P < 0.001. CMPs, MEPs, and GMPs were enumerated as previously described (Passegué et al., 2005) , and the absolute number of cells per femur is depicted. (E and F) LT-HSCs were analyzed as previously described (Passegué et al., 2005) . (E) LT-HSCs are depicted as a percentage of total BM. (F) The absolute number of LT-HSCs per femur is depicted. (G and H) Cells were stained with antibodies against a cocktail of lineage markers as well as against c-kit, Sca-1, CD150, and CD48. HSCs were analyzed as previously described (Kiel et al., 2005) . (G) Absolute number of CD150 + /CD48  HSCs per femur. (H) Percentage of CD150 + /CD48  cells within the KSL (kit + , Sca-1 + , lin  ) compartment. (A-H) All data include mice of both strains, 9 and 39; no differences were observed between the two tg strains (n = 5-17 per genotype, as indicated). Horizontal lines indicate the mean. *, P < 0.05; **, P < 0.01; ***, P < 0.001. LT-HSCs in NF-E2 tg mice (Fig. 6 F) . Similarly, when SLAM (signaling lymphocyte activation molecule) markers were used to define HSCs (Kiel et al., 2005) , NF-E2 tg mice contained both a statistically increased number of CD150 + / CD48  cells per femur (Fig. 6 G) as well as an increased percentage of CD150 + /CD48  cells in the KSL compartment (Fig. 6 H) . Jamieson et al. (2006) have reported elevated numbers of cells with an HSC phenotype in PV patients.
Morbidity and mortality of NF-E2 tg mice
Patients with MPNs experience a discrete but significant loss of life expectancy (Passamonti et al., 2004) . NF-E2 tg mice likewise showed shorter survival (Fig. 7 A) , displaying a loss of life expectancy of 8.8%, which is remarkably similar to that observed in PV patients (Passamonti et al., 2004) . BM histology of NF-E2 tg mice revealed several characteristic features We therefore analyzed WT and tg BM cells by FACS. Both the percentage and the absolute number of the more immature KSL cells (Kit + /Sca + /Lin  ) and of the more mature KL cells (Kit + /Sca  /Lin  ) were increased by NF-E2 overexpression (Fig. 6, B and C) . Therefore, the early hematopoietic stem and progenitor compartments are expanded in NF-E2 tg mice.
Within the KL compartment, both the CMPs and the MEPs were significantly elevated in NF-E2 tg mice (Fig. 6 D) . Jamieson et al. (2006) have previously noted elevated numbers of CMPs in PV patients. Interestingly, within the KSL compartment, the absolute number and the percentage of the least mature long-term engrafting HSCs (LT-HSCs) were significantly elevated (Fig. 6, E and F) . LT-HSCs can be characterized by two different sets of cell surface markers (Passegué et al., 2005) . Applying either of these criteria demonstrates the increase in is a leading cause of morbidity and mortality in MPN patients. At the age of 18 mo, 10% of the NF-E2 tg mice (of n = 45 mice analyzed) developed acute leukemia (Fig. 7 E) . Blast counts ranged from 57-91%. Using the "Bethesda proposals for classification of nonlymphoid hematopoietic neoplasms in mice" published by Kogan et al. (2002) , we classified the leukemic cells by histology (Fig. 8 A) and by immunofluorescence staining with antibodies against CD3, B220, and Ter119, as well as by naphthol AS-D chloroacetate esterase (NACE) staining (Fig. 8, B-D) . Applying the Bethesda classification, we categorized the leukemias arising in NF-E2 tg mice, which were negative for CD3 and B220 (Fig. 8 B) and negative for Ter119 (Fig. 8 C) , as well as for NACE (Fig. 8 D) , as myeloid leukemias without maturation. Notably, 10-15% of PV and PMF patients transform to acute leukemia during follow-up (Cervantes et al., 2008) . Because the development of post-MPN acute myeloid leukemia (AML) is frequently accompanied by the acquisition of chromosomal aberrations (Groupe Français de Cytogénétique Hématologique, 1988), we investigated the leukemic mice for changes in chromosome integrity by array-CGH. In contrast to thrombocythemic mice, which showed no alterations by CGH analysis (Fig. S1 ), leukemic mice displayed multiple chromosomal abnormalities (Fig. 8 E) . Consistent among all leukemias analyzed is a gain of genetic material on murine chromosome 15, of MPNs, including clustered, dysmorphic megakaryocytes (Fig. 7 B) . NF-E2 tg mice frequently (25%; n = 45 animals) presented with splenomegaly, a characteristic finding in MPN patients. A subgroup of mice also showed small spleens of unclear etiology (Fig. 7 C) . Similar to the presentation in MPN patients, reticulin fibrosis was observed (Fig. 3, E-H) in NF-E2 tg mice. In addition, NF-E2 tg mice showed increased vascularity (Fig. 3, I-L) , a finding previously reported in MPN patients (Lundberg et al., 2000) .
Tg mice frequently died abruptly of catastrophic gastrointestinal bleeding (Fig. 7 D) . Strikingly, major hemorrhage Genomic DNA of BM from individual leukemic hNF-E2 tg mice (n = 4, 1 from strain 9 and 3 from strain 39; identified by mouse number in the key) was hybridized to genomic DNA from a pool of n = 10 WT littermates. hNF-E2 tg genomic DNA was labeled with Cy3-dUTP, and WT DNA was stained with Cy5-dUTP. Detection of an equal amount of fluorescence in both DNAs results in a plot along the axis in the middle of the graph. Loss of DNA is depicted as signals below the axis, and gain of genetic material is depicted as signals above the axis.
as the presence of histone H3K9 acetylation, H3K4me2, and H3K4me3 at two control sites, an inactive site within the -globin locus (9 kb), and a region of the myogenin promoter was unaffected and those sites showed equal occupation in NF-E2 tg mice and WT littermates (not depicted). Because of the observed decrease in global histone H3 acetylation (Fig. 9 A) , we treated NF-E2 tg mice with the HDAC-I vorinostat (SAHA) to restore physiological levels of histone H3 acetylation. Vorinostat treatment significantly increased H3 acetylation in NF-E2 tg animals (Fig. 10 A) . Investigation of specific chromatin sites by chromatin immunoprecipitation quantitative PCR likewise demonstrated effective application of vorinostat, as histone H4 acetylation and histone H3 acetylation at the myogenin promoter, specifically H3K9 acetylation, increased significantly with treatment (not depicted). Consistent with the significant decrease in NF-E2 expression observed after vorinostat treatment (Fig. 10, B and C) , a significant reduction in histone acetylation at exon 3 of the -globin locus was seen (not depicted). The effect was less pronounced at the remaining sites in the -globin locus.
Vorinostat treatment normalized the elevated mNF-E2 expression in NF-E2 tg mice, whereas it did not affect mNF-E2 expression in WT littermates (Fig. 10 B) . In addition, vorinostat treatment reduced hNF-E2 expression (Fig. 10 C) . We therefore examined whether vorinostat could also reverse the peripheral blood pathology observed in NF-E2 tg mice. After 11 d of vorinostat treatment, the previously elevated platelet counts of NF-E2 tg mice had normalized (Fig. 10 D) . Platelet counts in WT mice also fell slightly but remained within the normal range. In contrast, the WBC counts were not significantly altered during vorinostat treatment in either genotype (not depicted). As expected, which contains homologies to regions on human chromosomes 5p, 8q, 12q, and 22q. Interestingly, trisomy 8 is recurrently observed in both MPN and AML patients and has a poor prognostic impact in AML patients >60 yr of age and in secondary AML (Bench et al., 1998; van der Holt et al., 2007; Hussein et al., 2009; Koh et al., 2010) .
HDAC inhibitor (HDAC-I) treatment of NF-E2 tg mice
Because of the documented role of NF-E2 in epigenetic regulation of gene expression, we examined the effect of NF-E2 overexpression on histone modifications. NF-E2 has been demonstrated to affect both histone methylation and histone acetylation (Kiekhaefer et al., 2002) . In Western blot analysis, histone H3 acetylation was markedly decreased in NF-E2 tg mice (Fig. 9 A) , whereas histone H4 acetylation was significantly increased, H3K27 trimethylation (H3K27me3) was significantly decreased, and H3K4me3 remained unaffected (Fig. 9, B-D) .
In addition to this global histone analysis, we investigated histone modifications at specific sites within the -globin locus, where the epigenetic effects of NF-E2 have been well documented (Demers et al., 2007) . Consistent with the observed increase in -globin expression (Fig. 1 G) , we observed increases in histone H3K9 acetylation as well as in H3K4 dimethylation (H3K4me2) and H3K4me3 in NF-E2 tg mice at those sites within the -globin locus previously demonstrated to be epigenetically modulated by NF-E2 binding (not depicted; Demers et al., 2007) . These discrete changes are specific 3 and 6, respectively) . 10 µg of protein was interrogated for the indicated modification of histone H3 or H4. The blot was stripped and reprobed with an antibody against total histone H3 or histone H4 to ensure equal loading. The ratio of modified histone H3 or H4 to total histone H3 or H4, respectively, was calculated for each animal. One untreated WT littermate was arbitrarily set at 100%, and all other animals were quantitated relative to this calibrator. All data include mice of both strains, 9 and 39; no differences were observed between the two tg strains. Horizontal lines indicate the mean. *, P < 0.05; **, P < 0.01.
DISCUSSION
After the discovery of mutations in the JAK2 kinase and the c-Mpl receptor in MPN patients, murine models carrying these alterations either by BM transplantation or by gene knockin have been created (Lacout et al., 2006; Pikman et al., 2006; Wernig et al., 2006; Akada et al., 2010; Li et al., 2010) . These mouse strains recapitulate many pathophysiological changes observed in MPN patients, including erythrocytosis, thrombocytosis, leukocytosis, and Epo-independent erythroid colony growth.
Based on our observation that the transcription factor NF-E2 is overexpressed in MPN patients, we have engineered a novel murine model for MPNs. NF-E2 tg mice display many features of MPNs, including thrombocytosis, leukocytosis, characteristic MPN BM histology, and Epoindependent erythroid colony growth, as well as an expansion of the stem and progenitor cell compartments in the the hematocrit fell during vorinostat treatment in both WT and tg mice, but this effect did not differ significantly between the two genotypes (not depicted). Spleen sizes were not affected by treatment with the HDAC-I (not depicted).
Phase I clinical trials of HDAC-Is in MPN patients have recently demonstrated efficacy of these drugs in controlling thrombocytosis and erythrocytosis (Rambaldi et al., 2010) . We therefore sought to assess the effect of HDAC-I treatment on NF-E2 expression in MPN patients. NF-E2 messenger RNA (mRNA) expression was determined before treatment with the HDAC-I givinostat (ITF2357) and after 84 d of treatment. A statistically significant decrease in NF-E2 mRNA levels was observed in givinostat-treated patients (Fig. 10 E) . At the same time, platelet counts decreased in these patients (Rambaldi et al., 2010) . Normalization of NF-E2 levels by HDAC inhibition is therefore accompanied by a decrease in platelet numbers both in the murine model and in MPN patients. Fig. 1 B for methods. Statistical analysis was conducted using a Student's t test: *, P < 0.05; **, P < 0.01. (C) hNF-E2 mRNA expression in untreated and vorinostat-treated hNF-E2 tg mice (n ≥ 6 for each group). See legend to Fig. 1 B for methods. Statistical analysis was conducted using a Student's t test: *, P < 0.05. (B and C) Boxes show the 25th and 75th percentile, and the error bars show 1.5 times the interquartile range. (D) Platelet counts in untreated and vorinostat-treated WT and hNF-E2 tg mice at day 0 and 11 (n > 5 for each genotype). The shaded area indicates the normal range for this mouse strain. Statistical analysis was conducted using a one-way ANOVA and a Bonferroni post-hoc multiple comparison test: **, P < 0.01 for tg mice on day 11 versus day 0. Error bars indicate standard deviation of the mean. (E) NF-E2 mRNA expression in MPN patients before and after 84 d of treatment with the HDAC-I givinostat (n = 11 and 7, respectively; Rambaldi et al., 2010) . For methods see legend to Fig. 1 B. (A and E) Horizontal lines indicate the mean. *, P < 0.05. activity leading to decreased histone acetylation has been described in PMF patients (Wang et al., 2008) .
Treatment of NF-E2 tg mice with the HDAC-I vorinostat restored physiological histone H3 acetylation and normalized the previously elevated platelet counts (Fig. 10, A  and D) . At the same time, NF-E2 expression decreased significantly (Fig. 10, B and C) . We interpret these data with caution as HDAC inhibition has pleiotropic effects.
Several genes that play important roles in proplatelet formation are direct NF-E2 targets, such as the Rab GTPase RAB27b and the kinase adapter protein LIMS1/PINCH1 (Tiwari et al., 2003; Chen et al., 2007) . Depletion of LIMS1/ PINCH1 decreases the activity of Rac1, which regulates lamellipodium formation and cell spreading (Zhang et al., 2004) . Proplatelet formation is regulated by a complex network of interactions in which the phosphorylation of myosin light chain (MLC) by MLC kinase plays a central role. MLC kinase activity, in turn, is regulated by Rho family proteins, especially Rac1 and Cdc42. Recently, Bishton et al. (2011) demonstrated that HDAC-Is cause an increase in phosphorylated MLC and reduced expression of the Rho family proteins RhoA, CDC42, and Rac1, thereby reducing proplatelet formation. In our model, increased NF-E2 activity may thus elevate levels of its target LIMS1/PINCH1, in turn increasing Rac1 activity. By increasing MLC phosphorylation and decreasing Rac1 activity, HDAC-Is will counteract these NF-E2 effects. Matsuoka et al. (2007) have previously shown that treatment of erythroid cell lines with HDAC-Is decreases both NF-E2 and GATA-1 expression. GATA-1, in turn, is one of several regulators of NF-E2 expression (Moroni et al., 2000) . It is therefore likely that one mechanism by which HDAC treatment lowers platelet levels is through decreasing NF-E2 expression. Suppression of physiological NF-E2 levels could therefore contribute to the observed thrombocytopenia in patients treated with HDAC-Is for other indications. In MPN patients, lowering of the supraphysiological NF-E2 levels can ameliorate thrombocytosis.
This model is also consistent with our data showing decreased NF-E2 expression in MPN patients treated with the HDAC-I givinostat (Fig. 10 E) . Givinostat treatment showed clinical efficacy in MPN patients, inducing one complete and three partial responses in 13 ET/PV patients, accompanied by significant decreases in platelet counts. Major responses were also noted in 3/16 PMF patients treated (Rambaldi et al., 2010) . Moreover, in preclinical models, the combination of DNA demethylation and HDAC inhibition corrected abnormal trafficking of PMF CD34 + cells , decreased the clonogenicity of PMF but not normal cells (Shi et al., 2007) , and increased apoptosis of PMF CD34 + cells but did not affect healthy CD34 + cells (Wang et al., 2010b) .
Collectively, our data establish a role for aberrant expression of the transcription factor NF-E2 in the pathophysiology of MPNs. Moreover, they provide a strong molecular rationale for expanding the clinical investigation of HDAC-Is in BM. In addition, however, NF-E2-overexpressing mice show two distinct features not observed in the JAK2-and c-Mplbased MPN models.
First, NF-E2 tg mice frequently die of massive gastrointestinal bleeding. We suspect that the fibrosis observed in the spleens of NF-E2 tg mice (Fig. 3, E-H ) may decrease tissue flexibility, which in combination with the pathological neovascularization (Fig. 3, I -L) coalesce to form this bleeding tendency. However, other etiologies are also possible.
Second and importantly, a proportion of NF-E2-overexpressing mice spontaneously develop AML. Both leukemic transformation and hemorrhage constitute major causes of morbidity and mortality in MPN patients. Interestingly, the recurrent genetic alteration observed in NF-E2 tg leukemic mice, a gain of genetic material corresponding to human chromosome 8, is also frequently observed in MPN patients and is associated with inferior survival and a higher rate of transformation to acute leukemia (Hussein et al., 2009 ). NF-E2 overexpression therefore constitutes a distinct molecular aberration observed in MPN patients that imparts an MPN phenotype in vivo, one that closely mirrors the severe complications affecting MPN patients.
The aforementioned data clearly argue that the aberrant NF-E2 expression observed in MPN patients constitutes a viable therapeutic target. In addition, our data argue that NF-E2, previously recognized to be important in erythroid and megakaryocytic maturation but known to be expressed in HSCs and mature granulocytes (Orlic et al., 1995; Toki et al., 2000) , may contribute to the homeostasis of other lineages and compartments as well. Our observation that NF-E2 is overexpressed in very early stem cells (LT-HSCs) of both PV patients (Fig. 1 E) and our tg mice (Fig. 1 D) and the fact that expansion of the stem cell compartment is likewise observed in both patients and animal model supports this hypothesis. Josefsson et al. (2011) have recently demonstrated that megakaryocytes must restrain their intrinsic apoptosis pathway and require the survival protein Bcl-XL for platelet shedding. Bcl-XL has been shown to be overexpressed in PV patients (Silva et al., 1998) . Although there are no data implying NF-E2 in the regulation of Bcl-XL expression, it is possible that NF-E2 overexpression increases prosurvival signals in megakaryocytes. This could lead to the observed increase in megakaryocyte number in NF-E2 tg BM over the lifetime of the mouse (Fig. 2 H) .
To date, transcription factor activities are difficult to influence pharmacologically. Therefore, it may be more feasible to counteract the effects of altered transcription factor activation. NF-E2 has been shown to alter chromatin structure and to modify histone marks, influencing both methylation and acetylation (Kiekhaefer et al., 2002) . Although NF-E2 increases acetylation at the -globin locus (Kiekhaefer et al., 2002) , it also associates with HDACs. Specifically, in erythroid cells, NF-E2 has been shown to interact with BRAF35, a core member of the BRAF HDAC complex (Brand et al., 2004) . We observed decreased histone H3 acetylation in NF-E2 tg mice. Interestingly, increased HDAC leukemic mice were analyzed histologically by Giemsa stain (Merck), and the blast count was determined by counting 20 visual fields. The leukemias were further characterized by immunofluorescence staining against CD3 (clone F7.2.38; Dako; used at 1:800; secondary antibody coupled to Alexa Fluor 488), B220 (clone RA3-6B2; BioLegend; used at 1:800; secondary antibody coupled to Alexa Fluor 546), and Ter119 (clone TER119; LifeSpan BioSciences; used at 1:800; secondary antibody coupled to Alexa Fluor 546) and counterstained with DAPI (Invitrogen). In addition, sections were stained for NACE.
Bilirubin measurements. Bilirubin levels were determined from retroorbitally drawn Li-heparin blood samples in a 1:250 dilution using a mouse total Bilirubin ELISA kit (Cusabio) according to the manufacturer's protocol.
Colony assays. BM cells were seeded in methylcellulose media with or without Epo (STEMCELL Technologies) for CFU-E assays or in media containing SCF, IL-3, and IL6, with or without EPO (STEMCELL Technologies) for BFU-E, CFU-GM, and CFU-GEMM colony growth and incubated for 4-8 d at 37°C, 5% CO 2 . CFU-E colony growth was scored on day 4, and BFU-E, CFU-GM, and CFU-GEMM colony growth was scored on day 8. For correct identification of CFU-E and BFU-E, colonies were stained with benzidine. Megakaryocytic colonies were grown in chamber slides in Megacult C medium with collagen (STEMCELL Technologies) containing 10 ng/ml rmIL3 (PeproTech), 20 ng/ml rhIL6 (PeproTech), and 50 ng/ml rhTPO (PeproTech). Acetyl cholinesterase staining of mouse CFU-MK was performed according to the manufacturer's recommendations.
For serial replating, 3 × 10 4 BM cells were seeded in methylcellulose medium (STEMCELL Technologies), and colony growth was scored on day 8. Colonies were subsequently isolated from the methylcellulose by dilution in IMDM with 2% FCS (STEMCELL Technologies). Single cell suspensions were washed and reseeded at a density of 3 × 10 4 /ml in methylcellulose medium, and colony growth was again scored on day 8. This process was repeated for up to eight replatings. FACS analysis of hematopoietic stem and progenitor cells. BM was stained with a cocktail for lineage markers (CD3, CD11b, B220, Ter119, and Ly6G/6C; BioLegend), and lineage-negative cells (Lin  ) were analyzed for c-Kit (clone 2B8; eBioscience) and Sca-1 (clone D7; BioLegend) expression as described previously (Akashi et al., 2000; Christensen and Weissman, 2001; Passegué et al., 2003) . Progenitor and stem cell subpopulations were identified as described previously (Akashi et al., 2000; Christensen and Weissman, 2001; Passegué et al., 2003) by staining with the following additional markers: CD34 (clone MEC14.7; BioLegend), Fc--II/III-R (clone 93; eBioscience), Thy1.1 (clone OX7; BioLegend), and Flt3 (clone A2F10; eBioscience), CD48 (clone HM48.1; BioLegend), and CD150 (clone TC15-12F12.2; BioLegend). Positively staining cells as well as negative cells were determined by fluorescence minus one stainings, as depicted in Fig. S2 (B, D, and F) . The gating strategies used are depicted in Fig. S2 (A, C, and E). For FACS sorting of populations to determine NF-E2 transgene expression, antibodies against Ter119 (clone TER119; ImmunoTools) and CD71 (clone R17217; Leinco) were used in addition.
Secondary
MPN patients and healthy controls. Isolation of stem and progenitor cells from PV patients and healthy controls was performed as described previously (Will and Steidl, 2010) . Peripheral blood samples were obtained from therapeutic phlebotomies of PV patients fulfilling the WHO criteria for diagnosis the treatment of MPN patients. In addition, they support the use of NF-E2 expression as a biomarker in correlative studies accompanying these clinical trials.
MATERIALS AND METHODS
Vector and transgene construction. The hNF-E2 cDNA was cloned into pCMX-PL2-3HA-10His to generate an HA-hNF-E2 fusion construct, which was subsequently expressed from the Vav promoter (Ogilvy et al., 1999) . Linearized DNA, from which the plasmid sequences had been removed, was injected into FVB/N pronuclei. Presence of the transgene was determined by Southern blot analysis using the hNF-E2 cDNA as a probe and by PCR genotyping with primers located in the transgene construct and in exon 3 of the NF-E2 cDNA. All animal experiments were approved by the Regierungspräsidium Freiburg and complied with the regulatory standards of the animal ethics committee.
Western blotting and antibodies. Murine BM cells were lysed in 5× SDS buffer (250 mM Tris, pH 6.8, 10% SDS, 0.5% bromophenol blue, 50% glycerol, and 50 mM Dithio-dl-threitol) and subsequently sheared using a 26G needle. For analysis of acetyl histone H3, 10 mM sodium butyrate was added. Spleen extracts were obtained by lysis in SDS lysis buffer (62.5 mM Tris/HCl, pH 6.8, 2% SDS, 10% glycerol, 1 mM DTT, and 1× protease inhibitor cocktail [Roche] ). The mixture was homogenized for 30 s and incubated for 15 min at 4°C, and cell debris was removed by centrifugation.
Cell lysates were subjected to SDS-PAGE and Western blotting. Primary antibodies against NF-E2 (Sigma-Aldrich), acetylated histone H3 (Millipore), anti-H3K4me3 (Active Motive), anti-H3K27me3 (Millipore), and anti-H4ac (Millipore) were used. The blots were stripped and reprobed for -Actin (Sigma-Aldrich), total histone H3 (Abcam), or total histone H4 (Abcam) to control for equal loading. The immunocomplexes were detected using chemiluminescence Western blotting reagents (PerkinElmer). Densitometry analyses were performed using the Intas Laboratory Image 1D analysis software.
Quantitative RT-PCR. Quantitative RT-PCR experiments were performed using the following Assay on Demand (Applied Biosystems) products for gene expression analysis: hNF-E2 Assay on Demand mNF-E2: forward primer, 5-CTTTCTGGTGCTTGTCTCACTGAC-3; reverse primer, 5-GGTGGCGTGAGTATACTTGAATTTG-3; and probe, 6-FAM-ATC-CAGAAAACCCC-MGBNFQ; murine -globin Assay on Demand; and murine -2-microglobulin Assay on Demand.
Reverse transcription of 400 ng of total blood or BM RNA was performed using the TaqMan Reverse Transcription kit (Applied Biosystems). Quantitative PCR assays were performed in duplicate in a PRISM 7000 Cycler (Applied Biosystems). A plasmid standard curve containing defined copy numbers was used to calculate gene expression as copy number per 100,000 copies of murine -2-microglobulin mRNA.
Interphase FISH. Peripheral blood smears were dehydrated in an ethanol series (70, 90, and 100%, 3 min each) and subsequently air dried. Before FISH, the slides were treated with RNase followed by pepsin digestion as described previously (Ried et al., 1992) . Interphase FISH was performed as previously described (Schempp et al., 1995) . A biotinylated vav-promoter-NF-E2 cDNA (Fig. 1 A) was used as a probe and detected with FITC-conjugated avidin (Sigma-Aldrich). After FISH, the slides were counterstained with 0.14 µg/ml DAPI and mounted in Vectashield (Vector Laboratories). Preparations were evaluated using an epifluorescence microscope (Axiophot; Carl Zeiss).
CBCs. Peripheral blood was obtained retroorbitally using Na-heparincoated capillary tubes (Hirschmann) and collected in heparin-coated tubes (Microvette CB300; Sarstedt). Blood counts were determined on an ADVIA120 hematology analyzer using the multispecies software (Bayer).
Phenotyping of leukemic mice. Peripheral blood smears were air dried and stained with May-Grünwald-Giemsa (Merck), and blast counts were determined by counting 20 visual fields of each animal. BMs and spleens of Fig. S2 depicts the gating strategies used to delineate stem and progenitor populations. Online supplemental material is available at http://www.jem .org/cgi/content/full/jem.20110540/DC1. (Swerdlow et al., 2008) . Additional samples were obtained from the Tissue Bank of the Myeloproliferative Disease Research Consortium, which uses the same diagnostic criteria. Buffy coats of healthy volunteer blood donors were obtained from the University Hospital Freiburg Center for Blood Transfusion. The study protocol was approved by the local ethics committee of the University Hospital Freiburg, and informed consent was obtained from all patients in accordance with the Declaration of Helsinki.
Array-CGH. Array-CGH using high resolution 60-mer oligonucleotide arrays, with a median probe spacing of 10 kb (4 × 180k Mouse Genome CGH microarray; Agilent Technologies), was performed as previously described (Steinemann et al., 2008) . In brief, 0.75 µg BM genomic DNA was labeled directly by random priming: test DNA (individual NF-E2 tg mice) with Cy3-dUTP and reference DNA (pool of 10 WT mice) with Cy5-dUTP. Slides were detected immediately after hybridization on a scanner (G2505B; Agilent Technologies) at a 2-µm resolution. Images were analyzed with the Feature Extraction Software, and the data were processed using the DNAWorkbench CGH analysis software (both from Agilent Technologies). The aberration algorithm ADM2 was applied, aberration filters were set to a threshold of 4.0, and at least five probes with mean log 2 ratio of 0.6 were required.
Chromatin immunoprecipitation. Murine BM was harvested, depleted of erythrocytes by hypotonic lysis, and cross-linked in 1% formaldehyde for 10 min at room temperature. The reaction was quenched with 0.125 M glycine. After cell lysis in 50 mM Tris, pH 8.0, 1% SDS, 10 mM EDTA, 10 mM sodium butyrate, and protease inhibitors, the chromatin was sheared by sonication in a Bioruptor (Diagenode). The samples were diluted five times with 1% Triton, 20 mM Tris, pH 8.0, 150 mM NaCl, 0.01% SDS, 2 mM EDTA, 10 mM sodium butyrate, and protease inhibitors (Complete; Roche). After preclearing with Protein A agarose (Millipore), samples were incubated overnight with the primary antibody. Antibody-chromatin complexes were precipitated with protein A agarose and decross-linked, and the DNA was recovered by phenol/chloroform extraction. DNA representing sites within the -globin locus was quantitated as previously described (Demers et al., 2007 ) using a standard curve generated from dilutions of chromatin and is reported as a percentage of the input fraction normalized to either an IgG or a total H3 control. Primers used were described in detail in Demers et al. (2007) and include the hypersensitive site 2 (HS2) at bp 3321, a site at bp 8913 to 8832 from the promoter (9 kb), bp 69 to 11 of the promoter region (prom), bp 370-421 of exon 2 (Exon2), and bp 1289-1357 of exon 3 (Exon3) as well as bp 140 to 80 of the murine myogenin promoter. The following antibodies were used: anti-rabbit IgG (Cell Signaling Technology), anti-H3K4me3 (Active Motive), and anti-H3 (Abcam), as well as antiH3ac, anit-H4ac, anti-H3K4me2, and anti-H3K9ac (all from Millipore).
Histology. Femurs and spleens were fixed in 10% formalin, femurs were subsequently decalcified in 10% buffered EDTA, pH 7.2, and all organs were paraffin embedded. Sections were stained with hematoxylin and eosin (H&E) for histological analysis, with Prussian blue for iron deposits, and with Gomori's silver stain to detect reticulin fibers, as well as with the Elastica van Gieson stain to detect vascularity.
Vorinostat treatment. NF-E2 tg and WT littermates were injected i.p. with 100 µg/g body weight vorinostat (SAHA; Selleck Chemicals) for a period of 11 d. SAHA was dissolved in DMSO and i.p. injected with a total volume of 100 µl in sunflower oil.
Data analysis. The Student's t test or the Mann-Whitney U test (Wilcoxon rank-sum test) was used, as appropriate, to determine whether a significant (P < 0.05) difference existed between two groups. When comparing more than two groups, a Kruskal-Wallis one-way analysis of variance (ANOVA) on Ranks or a one-way ANOVA was used. The association of hNF-E2 expression with ANC was assessed using Spearman's correlation coefficient.
Online supplemental material. Fig. S1 shows array-CGH of BM from five hNF-E2 tg mice to a pool of WT mice at the age of 18 mo.
